Bacterial contamination remains one of the major risks associated with blood product transfusion. The kinetics of bacterial growth in red blood cell concentrates (RBCC) is different than otherwise due to storage at 4°C, conditions in which most bacteria do not survive. Psychrophilic bacteria such as Yersinia enterocolitica, however, can proliferate from a very low level of contamination to clinically significant levels at 4°C and are known to cause severe transfusion-related infections. A screening method allowing the early detection of very low levels of bacteria in RBCC would improve transfusion safety. The Scansystem method has been previously described for detection of bacteria in platelet concentrates. We present here a modification of the system for detection of low levels of bacteria in RBCC. The Scansystem RBC kit protocol requires three steps, i.e., the agglutination and selective removal of RBCs, a labeling stage during which bacteria are labeled with a DNA-specific fluorophore, and finally recovery of bacteria on the surface of a black membrane for analysis using the Scansystem. The entire procedure from sampling to result can be completed in 90 min. Both gram-negative and gram-positive bacteria in RBCC are detected with a higher sensitivity than with currently available culture-based methods. The Scansystem RBC kit is shown to be sensitive enough to identify low-level bacterial contamination in a single unit tested in a pool of up to 20 RBCC samples (detection limit of between 1 and 10 CFU/ml depending on the bacterial strain). The method therefore lends itself to incorporation into high-sample-throughput screening programs.
Due to the availability of highly sensitive virus screening kits, in donated blood products bacterial contamination, now the greatest risk for patients receiving a transfusion, is found 50 to 250 times more frequently than viral infection such as human immunodeficiency virus, hepatitis virus, or human T-cell lymphotropic virus infection. Transfusion-related bacterial infections are usually associated with a rapid onset of sepsis with high mortality rates (4, 16) . Platelet concentrate preparations are known to carry a greater risk of bacterial infections, as they are required to be stored at 20 to 24°C (3, 6, 7, 10) . With the significantly higher number of red blood cell concentrates (RBCC) transfused, however, the incidence of transfusionassociated bacterial contamination is similar (5, 11, 18, 28) . In the French Bacthem case-control study, 41 bacterium-related transfusion reactions were reported during a 2-year period, including 25 following transfusion with RBCC, with 4 fatalities, and 16 following platelet transfusion, with 2 fatalities (23) .
Currently, the examination of the RBCC bag for evidence of hemolysis just prior to transfusion is the only screening method carried out to check for bacterial contamination (12) . However, visual inspection is subjective, and hemolysis also occurs in noncontaminated units nearing the end of their shelf life. Identification of low levels of bacteria and therefore hemolysis, although potentially clinically significant, would also be missed.
In this article we present a highly sensitive method for RBCC screening for bacterial contamination by solid-phase cytometry. The system, which was described previously for detection of bacteria in platelet concentrates (25) , includes an erythrocyte removal step based on the induction of red cell agglutination. In the subsequent bacterial labeling of the erythrocyte-depleted sample, the membranes of gram-positive and gram-negative bacteria are permeabilized, allowing the entry and DNA-specific binding of a fluorophore marker. The sample is then filtered through a 0.4-m black membrane, which retains the bacteria on its surface before being transferred to the Scansystem analyzer. The bacteria, particulate debris, and residual leukocytes are discriminated by the analyzer software based on their specific fluorescences, sizes, and shapes. The method described here is sensitive enough to enable the detection of very low levels of bacterial contamination in a single RBCC test sample when screened at a dilution ratio equivalent to that of a pool of 20 RBCC samples. RBCC samples spiked with five different bacterial strains associated with transfusion reactions (16, 23) , at spiking concentrations ranging from 1 to 100 CFU/ml, were analyzed over a period of 36 days with the Scansystem and detection sensitivity compared to the reference method of plate culture. The Scansystem RBC kit was shown to be able to detect very low levels of dividing as well as quiescent bacteria in packed RBC units stored at 4°C. Scansystem RBC kit. The Scansystem RBC kit is a closed device ( Fig. 1 ) prefilled with 9 ml agglutination solution (polyethylene glycol 35000, 10 g/liter; lectin, 6.66 mg/liter; Picogreen, 0.17 ml/liter; in PBS) in a 20-ml syringe and 3 ml labeling solution (polyethylenimine, 20 mg/liter; EDTA, 4.34 g/liter; nisin, 18.7 mg/liter; N-octyl-␤-D-glucopyranoside, 5.83 g/liter; chlorhexidine-diacetate, 116.7 mg/liter; prepared in PBS) in a 15-ml pouch, separated by a 5-m filter (Pall Inc.). A 0.4-m black membrane is held in a plastic membrane support (Millipore) with connectors for attaching to a vacuum pump for filtration. Any bacteria present in the sample are retained on the surface of the membrane, which is then transferred to the Scansystem (described below) for analysis.
MATERIALS AND METHODS

Propagation
Five milliliters of the RBCC was drawn into the kit syringe and mixed with the agglutination solution before being suspended on a dedicated support for a 45-min incubation period at room temperature. The agglutinated erythrocytes precipitate cleanly, and by depressing the syringe plunger, 8 ml of the supernatant was forced through the 5-m filter (Pall Inc.), removing any residual red cells. The resulting RBC-depleted sample was incubated for 45 min at room temperature with 3 ml labeling reagent. The sample was then filtered through a 0.4-m black membrane (Whatman), which retains the bacteria on its surface. The black membrane was transferred to the Scansystem solid-phase cytometer, and the number of labeled bacteria was determined (25) .
Determination of the bacterial detection sensitivity of the RBC kit. RBCC were spiked with the panel of gram-negative and gram-positive bacteria at 1, 5, 10, 50, and 100 CFU/ml. Eight milliliters of the spiked sample was incubated overnight (18 h) in 15-ml sterile polystyrene tubes at 37°C. Five milliliters of the spiked sample was then tested separately (single test), or 250 l was mixed with 4.75 ml sterile RBCC to give a dilution equivalent to that of a pool of 20 samples. The noncontaminated (sterile) negative control RBCC was incubated at 37°C for the same period as the spiked test sample, and sterility was confirmed by plate culture.
Detection of bacterial growth in RBCC. Four-day-old RBCC units were spiked with the different bacterial strains at 10 CFU/ml at day 0 and stored at 4°C. Each bacterial strain was inoculated into two RBCC units. At days 0, 4, 7, 11, 14, 18, 21, 25, 28, 32, and 38, a 5-ml sample was removed under sterile conditions and analyzed in single tests with the RBC kit. One hundred microliters of each sample at each time point was also filtered on a gridded membrane which was cultured on Mueller-Hinton petri dishes for bacterial enumeration. At days 14 and 28, an 8-ml sample was removed and incubated in a sterile 15-ml polystyrene tube for 18 h at 37°C. These samples were then diluted with sterile RBCC to give a dilution ratio equivalent to that of a pool of 20 samples and analyzed with the RBC kit. Samples from two sterile RBCC units were tested at each time point as negative controls.
Scansystem solid-phase cytometry. The solid-phase scanning cytometry method has been described previously (19) . In brief, (i) the black membrane is scanned by an argon laser (wavelength of excitation light, 488 nm) in the analyzer module; (ii) after membrane scanning, which takes 3 min, all fluorescent signals detected are analyzed and discriminated by the software based on their size, shape, and fluorescence intensity, and the result is displayed on the computer screen as a map showing the number of discriminated spots and their position on the membrane; and (iii) the membrane is transferred to an epifluorescence microscope for computer-assisted visual confirmation. In the experiments described here, 25 spots were chosen at random on the computer map and confirmed as being either microorganisms or particles.
RESULTS
Determination of RBC kit sensitivity. The RBC kit sensitivity was determined with single samples of RBCC spiked with different strains of either gram-positive or gram-negative bacteria.
The Scansystem RBC kit allowed the detection of all bacterial strains at concentrations down to 1 CFU/ml (Fig. 2) . At the lowest concentration, a mean of 50 bacteria per membrane was detected for the S. epidermidis strain, which is the slowestgrowing strain, while 1,346 and 2,149 bacteria were detected for S. aureus and Y. enterocolitica, respectively. The number of detected bacteria increased with increased spiking concentrations for all the strains except K. oxytoca and B. cereus, for which the Scansystem gave a reading of more than 20,000 bacteria per membrane for all the concentrations tested, in- cluding 1 CFU/ml. Accurate bacterial enumeration for samples with excessively high levels of bacterial contamination was not possible; when bacterial concentrations exceeded 20,000 per sample, the analyzer detected a uniform coverage of the membrane and gave a "high-baseline warning" message. All sterile RBCC control samples tested (n ϭ 10) gave negative results by both plate culture and the Scansystem RBC kit.
Screening sensitivity in testing a pool of 20 samples. Single RBCC samples were spiked with the different bacterial strains before being mixed with sterile RBCC at a dilution ratio equivalent to 1 contaminated sample with 19 noncontaminated samples. The sensitivity of bacterial detection was determined with spiking concentrations ranging from 1 to 10 CFU/ml. Each experiment was performed between 4 and 18 times.
With the exception of S. epidermidis, bacteria were detected in all tests with spiking concentrations of 1 CFU/ml and above (Fig. 3) . S. epidermidis was negative for the 1-CFU/ml test and positive in 16 out of 18 tests with 5 CFU/ml. Bacteria were detected in all pooled sample tests spiked with the five different bacterial strains at 10 CFU/ml. Similar results were obtained for Streptococcus agalactiae, Serratia marcescens, Acinetobacter baumannii, and Escherichia coli detected from 1 CFU/ml (data not shown). No bacteria were detected in the sterile RBCC negative controls (n ϭ 10).
Bacterial growth in RBCC stored at 4°C. The Scansystem RBC kit was used to measure bacterial growth at 4°C after a spiking at 10 CFU/ml at set time points from 0 to 32 days. Of the two RBCC units spiked, there was no growth in one bag with K. oxytoca and no growth in either bag with S. epidermidis, S. aureus, or B. cereus. The absence of bacterial growth was confirmed by plate culture.
Bacteria were detected by the Scansystem RBC kit in the second bag spiked with K. oxytoca from day 21 to 38 (Fig. 4A) . Plate cultures showed constant concentrations of K. oxytoca, ranging from 0 to 20 CFU/ml in samples taken from the same unit between days 0 and 21 and increasing from day 25 (Fig.  4B ). Bacteria were consistently detectable by the kit in tests on samples with bacterial spiking concentrations down to 10 CFU/ ml. Bacteria in the two bags contaminated with Y. enterocolitica were detected by the RBC kit from days 7 and 11, respectively. This corresponded to concentrations of as low as 450 CFU/ml as enumerated on the corresponding plates. The experiment could not be continued with the second bag contaminated with Y. enterocolitica after day 28, as the RBCs were completely lysed. Bacterial concentrations for Y. enterocolitica and K. oxytoca were shown to decrease in all bags from day 18 to 21 and from day 32, respectively. No bacterial growth was demonstrated in any of the negative control samples.
Detection of bacteria in RBCC samples at 14 and 28 days postspiking. At days 14 and 28 postspiking, an 8-ml sample was removed and incubated at 37°C for 18 h, and this sample was then diluted with sterile RBCC to represent the equivalent dilution of a pool of 20 samples and tested by the Scansystem RBC kit. As indicated previously (Fig. 4) , bacteria were observed only on plates from samples taken from bags spiked with Y. enterocolitica on day 14 and from those spiked with Y. enterocolitica and K. oxytoca on day 28. Bacteria were detected by the Scansystem RBC kits for both bacterial strains on both (Fig. 5) . S. aureus-spiked samples were also found to be positive by the RBC kit but showed no growth on plates. S. epidermidis-and B. cereus-spiked samples showed no growth on culture plates and no presence of bacteria by the RBC kit. For the three bacterial strains detected by either method, the number of bacteria recorded was lower on day 28 than on day 14.
DISCUSSION
There is currently no system available for the screening of RBCC for bacterial detection except visual inspection of the bags prior to transfusion. This method, however, is subjective and inadequately sensitive. Even with a visual reference, the method has been described as biased, inaccurate, and misleading (12) . Automated culture systems which were developed for testing whole blood samples in hospital settings (9, 20) and are used for platelet concentrate screening (8, 17, 21) have not yet been developed for routine RBCC screening.
Although storage of RBCC at a low temperature (2 to 8°C) inhibits most bacterial growth, they are still at risk of contamination with psychrophilic bacteria such as Yersinia enterocolitica, which is now the most common cause of transfusionassociated bacterial contamination (5, 11, 18, 22, 28) . The presence of these bacteria in blood products has often been associated with asymptomatic bacteremia and gastrointestinal illness of the donor (11, 28) . Other bacterial strains observed in severe transfusion reactions include S. epidermidis (16) and S. aureus and B. cereus (23) , which are thought to be the result of inadequate skin disinfection or transient bacteremia of the donor at the time of donation.
The 4°C storage of RBCC strongly influences the reliability of being able to detect bacteria in contaminated units because the lag phase before the bacteria start to proliferate can be very long; even psychrophilic bacteria remain in a nondividing state for up to 10 days (29) . The possibility of screening the donated unit for bacterial contamination immediately after collection is not practical, however, as the level of contaminating bacteria in the unit is, in the majority of cases, too low to ensure representation and detection in the test sample volume removed. The time between unit collection and removal of test sample and the volume of the sample for screening are critical to the sensitivity of the bacterial screening method. The longer the unit is left before screening, the greater the chance that any dividing bacteria present will reach a level adequate for reliable detection. On the other hand, the fresher the unit offered for transfusion, the greater the viability of the erythrocytes and benefit to the patient.
One solution to this problem would be to screen every unit of RBCC immediately prior to transfusion. This would reduce the risk of the transfusion of RBCC which had been stored for 2 to 3 weeks and which had clinically significant levels of bacteria that had missed detection in early screening. The other possibility would be to increase the reliability of the early bacterial screening methods by incorporating a period of incubation of the test sample to allow any bacteria present to have grown sufficiently to increase the probability of detection. In line with these two possibilities, the Scansystem RBC kit was developed for direct single-sample testing or incorporation into multiple-sample screening programs with a sample incubation phase. After testing of different 37°C incubation periods (data not shown), 18 h was shown to be sufficient for even slow-growing bacteria inoculated at between 1 and 10 CFU/ml to reach concentrations detectable by our analyzer.
The use of a solid-phase cytometer has already been described as a highly sensitive bacterial screening system for various biologic products, including platelet concentrates (2, 19, 25 ; P. Morel, M. Dechaseaux, X. Bertrand, C. Naegelen, and D. Talon, Transfusion 43:SP13, 2003). When adapting the method for use with RBCC, a lysis step to remove red blood cells was tested; however, the free hemoglobin generated too high a background of fluorescence. The solution to the problem of RBC removal is based on the ability to induce their agglutination (1, 24, 26) . In a 20-min incubation period in the agglutination solution, more than 99% of the RBCs compacted into a pellet. Residual RBCs could then be removed by filtration and the cell free supernatant analyzed by the solid-phase scanning cytometry system (25) . Very low levels of bacteria can be concentrated from a large test sample volume by filtration, giving a significant advantage over plate culture methods. The large sample volume, 18-h incubation phase, and high sensitivity of the Scansystem enables the reliable screening of pools of up to 20 samples in a single test, making the system suitable for incorporation into high-sample-throughput screening programs. No false-positive results were found during these experiments. The sensitivity for single samples was as low as 1 CFU/ml, which is comparable to detection limits achieved with automated culture techniques on blood samples (14, 15) . In pooled samples (incubated for 18 h), the sensitivity was also as low as 1 CFU/ml for eight out of the nine strains tested. The exception was S. epidermidis, which was positive in all tests down to 10 CFU/ml.
The sensitivity of detection of bacteria with the Scansystem was quite similar to that of the reference method of petri dish cultures. The Scansystem allowed early detection of bacteria for strains that were able to grow in refrigerated conditions, FIG. 5 . Detection of bacterial growth in sample dilutions representing pooled RBCC samples 14 and 28 days after spiking. The growth of spiked bacteria was analyzed after 14 days (blacks bars) or 28 days (grey bars) of refrigerated storage. After an 18-h incubation step at 37°C, the contaminated sample was mixed with the equivalent of 19 noncontaminated samples and the pool was analyzed with the Scansystem RBC kit. The number of bacteria detected is reported for the three strains that displayed growth; S. epidermidis and B. cereus were not observed. such as Y. enterocolitica and K. oxytoca. The growth kinetics were found to be comparable to those previously reported in the literature (29) .
The test time points of 14 days and 28 days for the pooledsample experiments were chosen to represent, for Y. enterocolitica, an active phase of growth and the beginning of the plateau, respectively (27) . In addition to these two fast-growing strains, the system also allowed the detection of S. aureus (Ͻ10 CFU/ml), which was not detectable by plate culture. The lower bacterial numbers detected at day 28 than at day 14 were in agreement with the reported growth curves.
The Scansystem method for bacterial detection is qualitative and therefore difficult to compare directly to the quantitative plate culture method. However, in blood product screening, the presence of bacteria and not their absolute number determines the exclusion of the RBCC from transfusion. The identification of RBCC units with low bacterial contamination levels would prevent life-threatening transfusion-associated bacterial contamination in immunocompromised patients. The Scansystem is furthermore able to detect dead or quiescent as well as actively dividing bacteria, protecting the recipient from the effects of the bacterial toxins.
In conclusion, the Scansystem RBC kit process is rapid, simple, and sensitive. It allows detection of bacteria in single units within 24 h following RBCC preparation and can equally be used to screen units at any time during the 42 days of storage to just prior to transfusion, requiring only 90 min. The incorporation of an incubation period increases the system sensitivity to 1 CFU/ml to allow the testing of pooled samples in high-throughput programs, offering a significant advantage over standard culture methods. The routine use of this screening system could prevent RBCC transfusion-transmitted bacterial contamination and the associated clinical outcomes, including shock, severe sepsis, and patient mortality.
